Most research concerning the evolution of introns has largely considered introns within coding sequences (CDSs), without regard for introns located within untranslated regions (UTRs) of genes. Here, we directly determined intron size, abundance, and distribution in UTRs of genes using full-length cDNA libraries and complete genome sequences for four species, Arabidopsis thaliana, Drosophila melanogaster, human, and mouse. Overall intron occupancy (introns/exon kbp) is lower in 5# UTRs than CDSs, but intron density (intron occupancy in regions containing introns) tends to be higher in 5# UTRs than in CDSs. Introns in 5# UTRs are roughly twice as large as introns in CDSs, and there is a sharp drop in intron size at the 5# UTR-CDS boundary. We propose a mechanistic explanation for the existence of selection for larger intron size in 5# UTRs, and outline several implications of this hypothesis. We found introns to be randomly distributed within 5# UTRs, so long as a minimum required exon size was assumed. Introns in 3# UTRs were much less abundant than in 5# UTRs. Though this was expected for human and mouse that have intron-dependent nonsense-mediated decay (NMD) pathways that discourage the presence of introns within the 3# UTR, it was also true for A. thaliana and D. melanogaster, which may lack intron-dependent NMD. Our findings have several implications for theories of intron evolution and genome evolution in general.
Introduction
Ever since the unexpected discovery of introns (Berget et al. 1977; Chow et al. 1977; Evans et al. 1977; Goldberg et al. 1977) , there has been intense debate about their origins, stability, and adaptive significance. Much early attention to the evolution of introns focused on the timing of their origins. The introns-early or exon theory of genes proposes that introns are ancient, and that early diversification of genes in the progenote, the genome ancestral to all prokaryotes and eukaryotes, was greatly accelerated by the shuffling of exons at intron-induced boundaries (Blake 1978; Gilbert 1978 Gilbert , 1987 . The subsequent loss of introns in prokaryotes alone then occurred through selection for more streamlined genes and genomes (Doolittle 1978; Darnell and Doolittle 1986; Senapathy 1986; Roy and Gilbert 2005) . The introns-late hypothesis maintains that introns appeared later and at random in early eukaryotic genomes, and that any adaptive role in gene evolution was gained following insertion (Orgel and Crick 1980; Cavalier-Smith 1985; Palmer and Logsdon 1991; Frugoli et al. 1998 ). More recent theory has emphasized mutational and populationgenetic processes that are likely to govern the establishment and retention of introns (Lynch 2002; Lynch and Richardson 2002; Lynch and Kewalramani 2003) . A so-called ''synthetic'' introns-early theory proposes the coexistence of ancient introns situated to promote exon shuffling, with more recently gained introns conforming to introns-late expectations (Fedorov et al. 2001; de Souza 2003; Fedorova and Fedorov 2003) .
Hypotheses addressing the abundance and locations of introns within the protein-coding sequence (CDS) of transcripts have figured prominently in early as well as more recent theories of intron establishment, maintenance and proliferation. In the introns-late view, initial intron positions are largely random within transcripts or occur at ''proto-splice sites'' that carry short sequences similar to conserved exon sequences flanking introns but that are otherwise context free (Cavalier-Smith 1991; Dibb 1991; Cho and Doolittle 1997) . Intron positions may thus be purely fortuitous or involve selection for features that influence transcription or translation, for example, regulation of transcription initiation (Fong and Zhou 2001; Le Hir et al. 2003) , efficiency of mRNA export (Luo and Reed 1999) , enhancement of splicing efficiency (Berget 1995; NissimRafinia and Kerem 2002) , chromatin assembly (Lauderdale and Stein 1992; Liu et al. 1995) , and recognition of premature termination codons via nonsense-mediated decay (NMD) (Kim et al. 2001; Lynch and Kewalramani 2003; Maquat 2004a) . Under the introns-early view, ancient genes and exons consisted of relatively short polypeptide sequences of limited secondary or tertiary structural extent. Rearrangement of these discrete protein ''modules'' at intron boundaries are hypothesized to have been the primary means by which early proteins acquired diverse structures and functions (Darnell and Doolittle 1986; Gilbert 1987; Gilbert et al. 1997) . Because introns-early hypotheses predict correlations between gene and protein structure resulting from these rearrangements (de Souza et al. 1996) , predictions concerning introns found outside the CDS are less clear.
The 5# and 3# untranslated regions (UTRs) that bracket CDSs are fundamental structural and regulatory regions of eukaryotic genes (Ptashne and Gann 2001; Larizza et al. 2002; Mignone et al. 2002; Wilkie et al. 2003) . UTRs are known to contain large numbers of introns (Pesole et al. 2001 ), yet intron abundance and distribution in UTRs have received little study, and there is a lack of hypotheses specifically addressing the evolution of introns within UTRs. Our goal here is to begin to address these gaps in our knowledge. The few summary data available (Pesole et al. 2001) indicate that 22%-26% of metazoan 5# UTRs carry introns, with lower frequencies in plants (14%) and fungi (5%). The observation that ;4-53 fewer 3# UTRs carry introns in these taxa is especially curious given that, within taxa, 3# UTRs are generally 2-33 longer than 5# UTRs and would thus be expected to form larger targets for random intron insertion. Data from Pesole et al. also suggest the possibility of a strong barrier against carrying .1 intron in 5# UTRs for all taxa, and a similar but less stringent barrier for introns in 3# UTRs that does not appear to be as consistent among taxa. These patterns stand in sharp contrast to those for the CDS in most multicellular species, the vast majority of which carry multiple introns (Lynch and Conery 2003) .
Additional differences between UTRs and CDSs may affect intron size, abundance, and distribution. UTR regions are under less stringent substitutional constraint (vs. nonsynonymous sites) than CDSs, and have a higher indel frequency and length heterogeneity (Graur and Li 2000; Larizza et al. 2002; Shabalina et al. 2004) . As a result, introns in UTRs may experience less stabilizing selection for some traits than introns in CDSs, in which case sharp discontinuities in intron traits at CDS-UTR boundaries may be expected. Furthermore, so-called ''ancient'' CDS introns that were shared by multiple eukaryotic lineages tended to be found in more conserved regions of the CDS (Rogozin et al. 2003) ; the more dynamic nature of the UTRs may thus promote intron loss and result in lower intron abundance than in CDSs. An additional consideration is that intron distributions that may promote CDS quality via NMD (Lynch and Kewalramani 2003) may provide no benefit within the 5# UTR, though they may have direct effects on intron abundance and distribution in the downstream 3# UTR (Nagy and Maquat 1998) .
With the explosive growth in genome sequencing projects, a variety of computational methods have been developed to indirectly infer gene structure from genome sequence data, including the detection of intron-exon boundaries; see Zhang (2002) for a comprehensive review. These methods have reached a high level of performance such that they can recognize the large majority of intron-exon boundaries within the CDS. However, despite significant recent advances, recognition of intron-exon boundaries within UTRs, which lack the strong contextual signal provided by a valid open reading frame, is considerably more error prone (Eden and Brunak 2004) . The recent availability of large libraries of full-length cDNA transcripts, when rigorously aligned to complete genome sequences for the same species, allows for the direct determination of intron-exon structure within UTRs. As a result, we are able to directly examine intron size, abundance, and distribution in UTRs of thousands of transcripts from each of four species, Drosophila melanogaster, Arabidopsis thaliana, human, and mouse.
Materials and Methods

Data Sources
We obtained publicly available genome and fulllength cDNA sequence data for D. melanogaster, A. thaliana, human, and mouse (table 1) . Boundaries between UTRs and CDSs in full-length cDNA sequences were determined using annotations from GenBank (D. melanogaster and A. thaliana) and the Mammalian Genome Consortium (human and mouse).
Intron Positions
Intron positions were determined through the recognition of gaps in alignment of full-length cDNA transcripts with genomic sequences. In brief, for a single full-length cDNA aligned against a contiguous stretch of genomic sequence, exons were determined as proximal blocks of homologous sequence alignment between full-length cDNA and genomic sequence, whereas introns were determined as gaps between exons consisting solely of genomic sequence.
We first cleaned the full-length cDNA libraries by removing transcripts with inconsistent annotation and incomplete CDSs. We then aligned the cleaned library of full-length cDNA transcripts to genome sequences with BLAT (Kent 2002) . Apart from being very fast, the search algorithm used by BLAT has at least two advantages for alignment of potentially spliced transcripts to genome sequences. First, BLAT begins by searching for high-quality matches of short discrete sequences (K-mers, each 8-16 nt), and attempts to ''stitch together'' proximal high-quality Kmers by extending the match through intervening sequences that also provide high-quality matches. The scale at which this occurs is that of typical exon size. Second, once K-mers are stitched into blocks of high-quality alignment, gaps between matching blocks are adjusted so that the ends of gaps provide the best match to consensus sequences typical of intron ends (Kent 2002) .
The BLAT alignment for each transcript was refined in two steps. First, the best alignment was chosen, defined as that alignment having the highest sequence identity greater than 95%; if no alignment had sequence identity greater than 95%, the transcript was discarded. If there were multiple best alignments with equal sequence identity, the longest alignment was chosen. Second, putative exon blocks separated by fewer than 5 bp were merged. Under some sequence and gap size conditions, BLAT does not stitch together proximal blocks (Kent 2002) . We reasoned that gaps with fewer than 5 bp represent indels within fulllength transcript sequences rather than actual introns. These small gaps occurred in 0.02% of A. thaliana full-length alignments, 15% of D. melanogaster alignments, 19% of human alignments, and 25% of mouse alignments. Per gap-containing full-length alignment, the mean total gap (Strausberg et al. 2002) Introns in Untranslated Regions of Genes 2393
at Pennsylvania State University on February 28, 2013
http://mbe.oxfordjournals.org/ length was 7.7 bp in A. thaliana, 2.8 bp in D. melanogaster, 6.2 bp in human, and 6.7 bp in mouse. We merged these gaps while moving through each alignment in a 5#-3# direction along the positive-sense genomic strand. We thus introduced the possibility of a slight bias to intron positions that increases in absolute magnitude from 0 bp at the intron in the 5#-most genomic position within the alignment to a maximum of the total gap length at the intron in the 3#-most genomic position within the alignment. For genes encoded on the positive-sense genomic strand, this bias increased in the 5#-3# direction within the full-length transcript, whereas for genes encoded on the negative-sense genomic strand, this bias increased in the 3#-to-5# direction within the transcript. As genes have essentially equal proportions of positive-and negative-sense orientations in these genomes, the data set-wide degree of bias was negligible. We recorded intron positions according to their location from the 5# end of each full-length transcript. Following the refinement of the BLAT alignment, we created our set of ''qualifying transcripts.'' A qualifying transcript contained at least one intron within its 5# UTR, CDS, or 3# UTR, as indicated by the alignment. Additionally, to avoid potential inconsistencies introduced by our use of automated alignments, we required that all introns in a qualifying transcript were between 20 bp and 100 kbp (100,000 bp) in length. We chose 20 bp as our minimum intron size because we were concerned about the potential inflation of intron numbers due to spurious gaps larger than our merge limit of 5 bp, and because very few introns are known to be less than 20 bp in length. For example, minimum CDS intron size was 13 bp in 2903 genes from 10 eukaryotes (Deutsch and Long 1999) and minimum intron size in ESTs was 27 bp in a diverse collection of fungi (Kupfer et al. 2004) . A number of introns as large as 100 kbp and larger are known in, for example, humans (Nobile et al. 1997; Bärlund et al. 2002) but we did not wish to include such introns in our data set without manual confirmation of each such alignment. Such extremely large introns were extremely rare in our data set. For all species, larger data sets constructed using less stringent qualifying rules resulted in equivalent estimates and distributions, though the occurrence of extremely large introns (.100 kbp) for D. melanogaster, human, and mouse somewhat increased estimates sensitive to extreme outliers (data not shown).
Statistical Analysis of Intron Distribution
We analyzed the general distribution of introns within each region by examining the distribution of exon sizes, which are directly dependent upon intron locations. For example, the expected mean exon size for a region containing n i introns is (length of region/(n i 1 1)) regardless of the pattern of intron distribution, so we instead calculate the effective number of exons n e , which is sensitive to the variance in exon size (Lynch and Kewalramani 2003) . When introns are uniformly distributed, resulting in all exons having equal length, then n e 5 n i 1 1. When introns are closely clumped so that one exon is much longer than the others, then n e approaches 1. To calculate n e , for each exon within a region, we determined its size e i relative to the total length of the region, so that the e i within each region sum to 1. We then calculated n e for each species, region, and number of introns using n e 51= P n i51 e 2 i ; which is equivalent to the classical formula used in population genetics to calculate the effective number of alleles for a locus (Kimura and Crow 1964) .
Falling between the two extremes of n e 5 1, for unusually high variation in exon length, and n e 5 n i 1 1, for no variation in exon length, are expected values of n e for a random distribution of introns within a region, which serve as a null model for comparison. Introns positioned at random create a distribution of exon sizes that follows the ''broken-stick'' distribution for random partitions of a finite distance (MacArthur 1957; Goss and Lewontin 1996; Lynch and Kewalramani 2003) . For each set of species' genes containing n i 5 1-5 introns in a region, we calculated mean n e 6 standard error. We then calculated the broken-stick expectation of n e for n i random intron locations via simulation. To create this null expectation, we randomly chose a region length in bp from the set of all observed regions having n i introns for each species, with replacement. Within this randomly chosen observed region length, we then randomly chose locations for n i introns and calculated the relative length e i of each resulting exon. We calculated n e for this simulated region and repeated this for 10 5 iterations for each combination of species, region, and number of introns n i . We call this random distribution of n e values the ''unrestricted random distribution.'' Other than an absolute minimum exon size limit of 1 bp, we did not place a lower limit on exon size in these simulations, so this approach assumes an absence of exon-size constraints. However, such extremely short exons are quite rare (Deutsch and Long 1999) and introduce the possibility of numerous splicing difficulties Kole 1991, 1992; Sterner and Berget 1993; Carlo et al. 1996) . We thus also simulated ''minimum-exon-size random distributions'' for each combination of species, region, and number of introns. In these simulations, the random draw of intron locations was repeated until the size of the smallest resulting exon was !20 bp; this is somewhat smaller than the smallest exon size that can apparently be constitutively spliced reliably without additional splicing enhancers (;50 bp; Kole 1991, 1992) . The minimum-exon-size random distribution has a larger mean n e than the unrestricted random distribution, and the difference between the mean n e of the two distribution increases as the length of the simulated region decreases (see also Goss and Lewontin 1996) . As there are species-specific relationships between mean total exon length of a region and the number of introns found therein (Lynch and Kewalramani 2003) , our minimum-exon-size distributions are not independent of species identities. There is negligible difference among species in the two random distributions within CDSs (data not shown). However, the shorter lengths of 5# UTRs accentuate the among-species differences ( fig. 3 ), such that we present separate minimumexon-size random distributions for human and mouse as a group, and for A. thaliana and D. melanogaster as a group.
Here, we will call observed intron distributions overdispersed or underdispersed in comparison to one of these random distributions if the mean n e value is greater than or less than, respectively, the simulated values of n e for the appropriate random distribution. Overdispersed introns are more uniformly distributed in the region in comparison to a random distribution, whereas underdispersed introns are more clumped.
Results
We found introns to be approximately as abundant in 5# UTRs as reported by Pesole et al. (2001) , with correspondence to overall patterns of Pesole et al. including approximately equal percentages of 5# UTRs carrying introns in D. melanogaster, human, and mouse, about half that number in A. thaliana (table 2) . We found introns to be much less abundant in 3# UTRs than did Pesole et al. (2001) ; this may be due to our sampling a comprehensive set of fulllength cDNAs for each species, as more recent versions of the associated nonredundant databases contain fewer records of 3# UTRs carrying introns (e.g., 1.3% of human 3# UTRs vs. 7.9% in the original report).
Intron size distributions for all species were strongly positive skewed in all regions ( fig. 1 ), consistent with several other studies (Mount et al. 1992; Deutsch and Long 1999; Adams et al. 2000; Comeron and Kreitman 2000; Lander et al. 2001; Yu et al. 2002) . There is no clear bimodal distribution of ''small'' and ''large'' introns (e.g., Maroni 1994) in any region for any species. Modal intron sizes were similar across regions within species, and the overall shape of the distributions is similar, but the right tail in the 5# UTR carries more density in all species than the CDS. In all regions, the right tail of the distribution for human and mouse carries more density than for A. thaliana and D. melanogaster, as was observed for the initial release of the human genome (Lander et al. 2001) . In both A. thaliana and D. melanogaster, the strongly peaked distribution of intron sizes in the CDS was duplicated in the 5# UTR and 3# UTR. Arabidopsis thaliana is distinct from the other three species in having the right tail of the size distribution to be shorter by about an order of magnitude or more than the right tail for the other species. Low sample sizes preclude similar summaries for introns in human and mouse 3# UTRs.
In all species, median intron sizes (table 2) were greater in the 5# UTR than in the CDS (Mann-Whitney U . 1.1 3 10 7 , P ; 0 for all) and the 3# UTR (U . 5.8 3 10 4 , P , 0.001 for all). Median intron size in the 3#UTR was greater than in the CDS for A. thaliana and D. melanogaster (U . 2.5 3 10 5 , P ; 0.001 for both). For human and mouse, despite larger difference in median intron size between the CDS and 3# UTR in comparison to A. thaliana and D. melanogaster, intron sizes did not differ significantly between these regions (human, U 5 1.4 3 10 5 , P 5 0.76; mouse, U 5 9.6 3 10 5 , P 5 0.91) because of greater variation in intron size (table 2) . Similarly, larger median intron sizes in human and mouse are due to the greater frequency of larger intron sizes rather than due to a larger modal intron size ( fig. 1) . In A. thaliana and D. melanogaster, median and mean intron lengths are short in comparison to human and mouse and the centers of the distributions are much more tightly constrained, as is apparent both from figure 1 and the much shorter interquartile distance (i.q.d.) (table 2). A. thaliana had the lowest Coefficient of Variation (C.V. 5 standard deviation/mean) for intron size in all regions, due to the much shorter right tail of its intron size range, and D. melanogaster the largest, owing to its combination of a tightly constrained peak of intron size density and an extremely long right tail. Human and mouse C.V.s were similar in all regions. Consistent with previous work (Abril et al. 2002) , we found mouse introns to be slightly smaller than human introns in all regions (table 2) .
Intron Sizes across the 5# UTR-CDS Boundary
It has been proposed that 5#-ward introns tend to be larger because of the possibility of their general use as hosts for regulatory elements (Duret 2001) , although it is unclear what the null expectation for intron size should be. If this is true, then we should expect to find a gradient of decreasing intron size while moving downstream within the full-length transcript, based on empirical data that suggest a gradient of decreasing intron regulatory effects moving downstream within a gene Rose 2004) . To test for a decreasing trend in intron size from the 5# UTR, across the 5# UTR-CDS boundary, into the CDS, we examined median intron size in 50 bp windows from 500 bp upstream to 1,000 bp downstream of the start codon ( fig. 2) . Surprisingly, within transcripts of all four species, we found a strong discontinuity in median intron size moving from the 5# UTR to the CDS (fig. 2 ). In the immediate vicinity of the start codon, moving across the 5# UTR-CDS boundary, there is a drop in median intron size of ;180 bp in A. thaliana, ;500 bp in D. melanogaster, and ;1700 bp in both human and mouse ( fig. 2) . Note that within the 5# UTR of all species, starting at around 200 bp upstream of the start codon, there is a tendency for median intron size to increase as one moves downstream toward the start codon ( fig. 2 ). Median size of 5# UTR introns within the region from the start codon to 200 bp upstream of the start codon is significantly greater than the median intron size of 5# UTR introns upstream of the 200 bp partition (Mann-Whitney U . 1.2 3 10 5 , P , 0.0025 for all species). As the partition is moved farther upstream in 50-bp increments, median intron size remains significantly greater (Mann-Whitney U, P 0.05 for all species) downstream of the partition up to a partition position of 450 bp upstream of the start codon (data not shown).
Intron Numbers and Positions within UTRs
As we previously observed for the CDS (Lynch and Kewalramani 2003) , there is a clear linear relationship between 5# UTR length and intron number for all species (fig. 3 ). In accordance with Pesole et al. (2001) , we found sharply reduced numbers of 5# UTRs carrying .1 intron (fig. 3 ). For our data set, regressions of region length versus number of introns reveal that slopes for 5# UTRs are ;1.2-2.53 greater than in CDSs, and intercepts are ;470-830 bp lower in 5# UTRs than CDSs (table 3) . For the 3# UTR, only A. thaliana had sufficient sample size across the range of intron numbers to perform the regression (n 5 264); the slope was 281 (SE 5 26) and the intercept was 133 (34), both of which were significant (P , 0.001) and both of which were more similar to this species' estimates for the 5# UTR than the CDS.
Another trend that distinguishes intron distributions within the 5# UTR from those in the CDS is that absolute intron positions are independent of length of the region ( fig. 3 ). For example, mean position of the first intron is ;144 and ;217 bp downstream of the 5# end of the 5# UTR in A. thaliana and D. melanogaster, respectively, and ;130 and ;116 bp downstream in human and mouse, and this is relatively constant regardless of the total length of the 5# UTR or the number of introns found there ( fig. 3 ). This is in contrast to the pattern observed in the CDS of all four species, in which the mean position of the first intron shifts increasingly upstream as more introns occupy the region (fig. 3) ; this trend continues for transcripts having .5 introns in the CDS (data not shown, see also Lynch and Kewalramani2003). Similar trends are apparent for introns in other ordinal positions of the 5# UTR, except for A. thaliana where sample size is prohibitively small for 5# UTRs with !3 introns ( fig. 3) .
Intron densities (introns/exon kbp) among all occupied regions (those regions containing at least one intron) were greater in the 5# UTR than the CDS (table 2; Mann-Whitney U, P , 10 À10 for all species), whereas among all regions in the data set, intron densities were greater in the CDS than the 5# UTR (P , 10 À10 for all species). Intron densities were lower in the 3# UTR than both the 5# UTR and CDS both among all occupied regions and among all regions for all species, except for D. melanogaster where intron density did not differ between occupied 3# UTRs and occupied CDSs (P 5 0.11).
Dispersion of Introns within UTRs
We reasoned that intron distributions that promote CDS quality via NMD (Lynch and Kewalramani 2003) would provide no benefit within the 5# UTR; thus we expected to find a random linear distribution of introns within 5# UTRs. Introns were dispersed at random in the 5# UTRs of all species in accordance with expectations of the minimum-exon-size random distribution, and among-species differences tended to be somewhat less distinct than in the CDS (fig. 4) . To further test this observation, we compared n e values for observed regions containing 1-5 introns against n e values for a null distribution created by assembling a random data set containing 1 3 10 5 regions drawn from the species' minimumexon-size random distribution with the same number of introns. Mean n e estimates within 5# UTRs were not significantly different from the minimum-exon-size random distribution (Mann-Whitney U test) except for human 5# UTRs with !3 introns (P , 0.05 for all) and mouse 5# UTRs with !3 introns (P , 0.005 for all). In contrast, mean n e estimates within CDSs containing 1-5 introns were significantly different from the random distribution for A. thaliana (all P , 0.0001) and for all human and mouse CDSs (P , 0.001) except those containing one intron (P 5 0.8 for human, P 5 0.2 for mouse). Interestingly, as is apparent in figure 4 , mean n e values for CDSs of D. melanogaster did not significantly differ from the random distribution (all P . 0.8), except for those CDSs containing 5 introns (P 5 0.007).
Discussion
Larger Introns in 5# UTRs
Our three primary observations related to intron size in 5# UTRs are: 1) markedly larger introns in the 5# UTR than (table 2 and fig. 1 ); 2) a threshold-like drop in intron size across the 5# UTR-CDS boundary (fig. 2) ; and 3) an increase in intron size in proximity to the start codon ( fig. 2) . Taken together, these observations indicate markedly different forms of selection on intron size in the 5# UTR versus the CDS that may occur over very short distances.
We propose a straightforward mechanism for the occurrence of selection differences that may explain these three observations, driven by the potentially deleterious thus, both intron contraction-the shift of 5# UTR intron sequence to an adjacent 5# UTR exon-and intron expansion-the shift of 5# UTR exon sequence to an adjacent 5# UTR intron-may be more likely to occur in the 5# UTR than the CDS. We propose the existence of: 1) selection against intron contraction, due to the potential introduction of uAUGs residing in 5# UTR introns at nearly neutral proportions and 2) selection for intron expansion, due to the beneficial effects of both removing uAUGs from 5# UTR exons and preventing the appearance of new uAUGs by reducing the total 5# UTR exon length. As will be outlined below, selection against intron contraction is expected to be stronger than selection for intron expansion, which under many circumstances may be effectively neutral. Thus, if a splice-site shift results in an intron contraction or an intron expansion at approximately equal rates, increases in 5# UTR intron size are due to greater rates of loss of specific intron contraction events, rather than greater rates of fixation of specific intron expansion events. The available empirical evidence for 5# UTR introns suggests that splice sites within 5# UTRs are less conserved than within adjacent CDSs. Among rice cultivars, splice sites of 5# UTR introns have been shown to be relatively less conserved than splice sites for introns in adjacent CDSs for the waxy gene (Cai et al. 1998) . Additionally, in an evolutionary study involving several species of plants, the 5# UTR intron found in the PgiC gene showed 6 splice-site shifts, 4 of which resulted in intron expansion. The splice sites of the 201 introns found in the CDS of the same gene were entirely conserved across all species (Gottlieb and Ford 2002) . Furthermore, it is intuitively clear that alleles are more likely to remain functional following splice-site shifts involving 5# UTR introns than those involving CDS introns. It is well known that 5# UTRs have higher indel frequency, length heterogeneity, and DNA substitution rates than CDSs (Graur and Li 2000; Larizza et al. 2002; Shabalina et al. 2004) , whereas in the CDS, any movement of a splice site is likely to create a null allele owing to the introduction of a frame shift, codon gain, or codon loss (Stoltzfus et al. 1997; Lynch 2002) . Although the empirical studies are consistent with our proposed mechanism, with just two plant genes having been examined, and with the observed splice-site shifts all being ,10 bases in size (Cai et al. 1998; Gottlieb and Ford 2002) , any conclusions regarding the commonness or rarity of splicesite shifts as well as their size distribution are tentative.
We now briefly consider the strength of AUG-driven selection involving intron contraction and expansion in the 5# UTR, and will present a more detailed examination of the model in future work. AUG triplets appear within 5# UTR introns at ;0.823 the neutral expectation regardless of the position of the intron within the 5# UTR, whereas within 5# UTR exons there is a gradient of underrepresentation of uAUGs that increases while moving downstream to ;1/ 33 the neutral expectation just upstream of the start codon (Rogozin et al. 2001; Lynch et al. 2005) . Consider an intron contraction involving n bases. For n !3, the probability, P [n, q] , that a sequence of n bases includes at least one AUG when AUG occurs at q 5 0.823 the neutral expectation is approximately P[n, q 5 0.82
(n À 2) . Using the diffusion approximation (Kimura 1962) , an intron contraction that introduces an uAUG has a chance of fixation of À2s/(1 À e 4Ns ), where N is the effective population size and s is the selective disadvantage of an uAUG. We will derive approximate values for 4Ns below. An intron contraction that does not introduce an uAUG will still experience very weak negative selection due to the additional n exonic bases that serve to increase the exon length-dependent mutation rate to null alleles caused by point-mutational gain of uAUGs. This negative selection is expected to be swamped by drift under most population sizes (Lynch et al. 2005) , so this fraction (1 À P[n, q 5 0.82]) fixes at the neutral rate, 1/2N. The overall fixation rate of an intron contraction F C involving n bases is thus approximately 1/2N(1 À P[n, q 5 0.82] 3 [1 1 4Ns/(1 À e (dashed) and Arabidopsis thaliana and Drosophila melanogaster as a group (dash-dot). Values above a random distribution indicate an overdispersed (more uniform) distribution, whereas those below a random distribution indicate an underdispersed (more clumped) distribution. See figure 3 for sample sizes; error bars are omitted where sample size ,5. Error bars that are not visible when sample size !5 are more narrow than the height of the plotting symbols.
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at Pennsylvania State University on February 28, 2013 http://mbe.oxfordjournals.org/ intronic AUG. This benefit will vary with the probability of occurrence of an uAUG within 5# UTR exons, so we choose two ''bookend'' spots along the gradient within 5# UTR exons where uAUG occurs at 2/3 and 1/3 of the neutral expectation and calculate the probabilities P[n, q 5 2/3] and P[n, q 5 1/3]. For sake of simplicity within this brief analysis, we assume that the selective disadvantage of exposing a previously hidden AUG is equal in absolute magnitude to the selective advantage of hiding a previously exposed uAUG; we will relax this assumption in future work. With the selective advantage associated with the removal of an uAUG equal to Às, the chance of fixation is P[n, q] 3 2s/(1 À e À4Ns ). Assuming that any selection associated with an intron expansion that does not encompass an uAUG will be swamped by drift, we have an overall fixation rate of an intron expansion F E involving n bases of between
À4Ns )]). We compare the relative strength of selection favoring intron expansion versus intron contraction by first estimating appropriate values for 4Ns. The ratio of the fixation rates of the birth b and death d of AUG triplets under the diffusion approximation with mild negative and positive selection, respectively, is [b 3 À2s/(1 À e
The neutral expectation (s 5 0) is simply b/d, so due to the underrepresentation of AUG at the same bookend locations within 5# UTR exons chosen above, we have e À4Ns ; 2/3 and 1/3, resulting in 4Ns ; 0.41-1.1, respectively. If physical splice-site shifts resulting in intron expansions or contractions are equally likely, then the selective bias for intron expansion can be examined by calculating the scaled probability of fixation of intron expansion versus intron contraction, H E/C 5 F E / F C , which is ,1 when selection favors intron contraction and .1 when selection favors intron expansion. With q 5 2/3, for n 5 3, 10, 20, and 50 bases, H E/C ; 1.00, 1.04, 1.08, and 1.19, respectively. With stronger selection against uAUG giving q 5 1/3, H E/C ; 1.01, 1.07, 1.17, and 1.44, respectively. Regardless of the strength of selection against uAUG, the strength of selection favoring intron expansion increases with increasing n. However, the very limited applicable empirical data do not show splice-site shifts of n . 10 (Cai et al. 1998; Gottlieb and Ford 2002) ; thus more data on splice-site shifts will assist in judging the applicability of our specific model and of models of intron-size evolution generally.
These calculations also help to explain at least two other observations. First, we observed the occurrence of gradients of increasing 5# UTR intron size with increasing proximity to the start codon ( fig. 2 ) that accompanies the previously noted underrepresentation of uAUG. Following our calculations, the stronger selection against uAUG in proximity to the start codon increases H E/C and thus increases the relative likelihood of intron expansion. Second, as noted above, we have previously shown that introns within the 5# UTR harbor AUGs in nearly (but not completely) neutral proportions (Lynch et al. 2005) . The slight underrepresentation of uAUGs that we observed within 5# UTR introns may be an expected side effect of intron expansion via incorporation of sequences from uAUG-poor 5# UTR exons.
Our model predicts that the dynamics of both splicesite shifts within the 5# UTR and sequence evolution in the vicinity of these splice sites may be rather complex. For example, our diffusion approximations address the selective environment favoring the first fixation event. Subsequent shifts involving the same splice-site experience different and size-dependent patterns of selection arising from sequence changes in both the exon and intron flanking the splice site. There are two basic cases to consider. In the first, an intron expansion that does not convert an exonic uAUG to an intronic AUG will reduce the strength of selection against intron contraction via a second splice-site shift, provided that the second shift involves no more bases than the first. In the second case, an intron expansion converts an exonic uAUG into intronic AUG, which increases selection against a second shift that results in intron contraction provided that the shift is large enough to incorporate the former uAUG. There are similar considerations for the third and subsequent splice-site shifts. Thus, our model emphasizes the complexity of uAUG/AUG-related dynamics around splice sites within the 5# UTR. A thorough analysis of these dynamics is beyond the scope of the present paper. As an initial contribution of empirical data to this problem, we have examined the distribution of AUG triplets within 5# UTR introns (see Supplementary Material online). The degree of asymmetry in under-and overrepresentation of AUG triplets within introns is surprisingly consistent across species, and suggests a common set of evolutionary forces. Because our model invokes the effects of selection against uAUG in the mature transcript, our model in its current formulation does not predict asymmetry in under-or overrepresentation of AUG at different ends of 5# UTR introns. Within the context of our model, such a pattern may reflect true biases favoring or disfavoring splicesite shifts at different ends of 5# UTR introns arising from, for example, underlying constraints on sequence evolution in these locations.
That said several alternative models for intron-size evolution are unable to explain our observations. As noted above, it has been proposed that 5#-ward introns would tend to be larger because of the possibility of their general use as hosts for regulatory elements (Duret 2001; Nott et al. 2003; Rose 2004) , in which case we should have found a gradient of decreasing intron size while moving downstream within the full-length transcript. However, our observation of both markedly larger 5# UTR introns and a size discontinuity across the 5# UTR-CDS boundary are inconsistent with the existence of a continuous gradient of regulation-driven selection. The size difference is also unlikely to be due to a fundamental bias in indel rates between UTRs and CDSs, though indels clearly fix at higher rates in UTRs than CDSs (Graur and Li 2000; Larizza et al. 2002; Shabalina et al. 2004 ) and thus experience less negative selection than in more tightly constrained CDSs. Greater intron size in 5# UTRs also seems unlikely to be due to within-gene differences in selection on intron size related to reduced gene expression (Castillo-Davis et al. 2002) or altered recombination (Carvalho and Clark 1999; Comeron and Kreitman 2000) . Although there is likely to be strong selection against overly short introns due to structural constraints related to splicing efficiency (Mount et al. 1992; Comeron and Kreitman 2000) , it is unlikely that these structural constraints differ to any large degree between the 5# UTR and CDS. In fact, if splicing-related structural constraints do differ between the 5# UTR and CDS, it seems that such constraints would produce intron size patterns that are opposite of those observed here, due to less-conserved 5# UTR exons being more likely to host splicing enhancer sequences than codon-constrained CDS exons and thusmoreable to facilitate the removal of smaller introns and exons (Sterner and Berget 1993; Carlo et al. 1996; Sterneret al. 1996) .
The mechanism that we propose for intron-size evolution in the 5# UTR emphasizes the aggregated result of relatively small individual shifts in splice sites. More extreme shifts in splice sites are likely to produce null transcripts whether they occur in the 5# UTR or the CDS. For example, exon skipping (Berget 1995) in the 5# UTR may leave the transcript without a valid start codon because there are typically just two exons-one noncoding and one partially coding-in the large majority of intron-bearing 5# UTRs (table 2 and fig. 3 ). Nonetheless, there is need for caution in constructing models proposing distinct evolutionary trajectories for large and small introns (e.g., Maroni 1994; Vinogradov 2002 ) that do not also consider the potential for differences introduced by 5# UTR-CDS context.
Random Intron Distribution in 5# UTRs
We found clear support for our expectation that NMDrelated selection for overdispersed intron distributions within the CDS did not extend into the 5# UTR. The low intercepts for the regressions of 5# UTR length versus number of introns suggest that the number of introns is largely a function of the length of the 5# UTR. Thus, intron number within 5# UTRs may be largely the result of a stochastic process dependent on available 5# UTR ''substrate,'' with minimum exon size determined by, for example, splicing-related structural constraints . Similarly, the low numbers of 5# UTRs with .2 introns ( fig. 3 ) may result from the low frequency of longer 5# UTRs (Lynch et al. 2005) .
As for spatial distributions of introns, in nearly all cases we examined, 5# UTR introns were randomly distributed in comparison to the minimum-exon-size random distribution ( fig. 4) . If it is assumed that 5# UTR introns initially appear at random positions (Cho and Doolittle 1997) , then 5# UTR introns may be fixed ''in place,'' with little selection on the intron distribution per se, except for those imposed by minimum exon-size constraints. If introns are subsequently lost from 5# UTRs, then to maintain the random distribution, they must also be lost essentially at random, without regard to their location within the 5# UTR. These results support the hypothesis that some sort of translation-associated process, for example, NMD, is involved in selection for intron locations in CDSs (Lynch and Kewalramani 2003) .
Introns in the 3# UTR
In contrast to both 5# UTRs and CDSs, we found introns to be rarer in 3# UTRs of all species (table 2 and fig. 3 ) than previous reports would suggest (Pesole et al. 2001) . NMD-related selection was expected to keep intron numbers low in mammals such as human and mouse, which rely upon intron-associated exon junction complexes in their NMD pathway (Nagy and Maquat 1998; Maquat 2004b) . However, we also observed much reduced numbers of 3# UTR introns in A. thaliana (2.5% of transcripts with introns in the 3# UTR versus 17.1% with introns in the 5# UTR) and D. melanogaster (1.1% vs. 33%). Mean and median intron sizes for 3# UTRs were similar to those in other regions (table 2), so it seems unlikely that our qualification criteria for aligned transcripts were biased against intron characteristics common in 3# UTRs. It may be that low intron numbers in 3# UTRs of species that do not rely upon introns for NMD may be maintained by homologous recombination with reverse-transcribed cDNAs, which would preferentially cause intron loss in 3# ends of transcripts (Fink 1987; Feiber et al. 2002; Mourier and Jeffares 2003) . If so, however, this is not reflected in a deficit of introns toward the 3# end of CDSs. An additional possibility is suggested by the tight coupling of transcription, splicing, and other posttranscriptional mRNA processing (Maniatis and Reed 2002) . Several mRNA-related processes initiate during or soon after transcription, and the dynamics of transcription termination are complex and time sensitive (Proudfoot 2003) . As a result, there may simply be insufficient time or space for proper splicing of introns at 3# ends of transcripts, and introns are thus inherently unstable in these areas. A final possibility follows from the dynamic nature of the 3# UTR, in terms of base substitutions, insertions and deletions (Graur and Li 2000; Larizza et al. 2002; Shabalina et al. 2004) . Given that the 3# UTR is downstream of the CDS, it should be better able to tolerate sequence changes that directly affect the splicing of introns than either the CDS or the 5# UTR. Thus, unless there is unusually strong positive selection for intron maintenance, the rate of intron loss is expected to be particularly high in 3# UTRs.
Implications for Theories of Genome Evolution
It is readily apparent from our data set that failure to consider introns in the 5# UTR has at least two implications for theories of genome evolution. First, the possibility of within-gene differences in selection on intron size suggests that purportedly genome-wide estimates of insertion-deletion ratios (e.g., Gregory 2004) may not only be biased by failure to consider 5# UTR introns but that the context of individual introns has the potential to create conditions that modify selection on intron size (see above, and Ptak and Petrov 2002) . The second implication is that for species such as D. melanogaster with a greater proportion of introns in the 5# UTR and with fewer overall introns per transcript, 5# UTRs carry a relatively greater proportion of intronic bp within genes. From table 2, we find that 33% of D. melanogaster's intronic bp within our data set is found within 5# UTRs, whereas the same is 7%, 14%, and 15% in A. thaliana, human, and mouse, respectively. Although our data set is explicitly limited to a subset of intron-bearing full-length transcripts (see Materials and Methods) , it is clear that calculations of genome-wide intron number and total intron content that are used to test a variety of hypotheses in genome evolution (e.g., Vinogradov 1999; Lynch and Conery 2003) will thus be underestimated to the degree that 5# UTR introns are not considered in the data set, and this bias will be larger in species with an intron profile similar to that of D. melanogaster. One would also expect intron content to be underestimated by similar percentages in sequenced genomes that lack a corresponding full-length cDNA library.
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